Abstract Alkaline phosphatase (ALP; E.C.3.I.3
Introduction
Alkaline phosphatases [ALP; orthophosphoric monoester phosphohydrolase (alkaline optimum) EC 3.1.3.1] are plasma membrane-bound glycoproteins [1, 2] . These enzymes are widely distributed in nature, including prokaryotes and higher eukaryotes [3] [4] [5] [6] , with the exception of some higher plants [7] . Alkaline phosphatase forms a large family of dimeric enzymes, usually confined to the cell surface [8, 9] hydrolyzes various monophosphate esters at a high pH optimum with release of inorganic phosphate [10, 11] .
Mammalian alkaline phosphatases (ALPs) are zinccontaining metalloenzymes encoded by a multigene family and function as dimeric molecules. Three metal ions including two Zn 2? and one Mg 2? in the active site are essential for enzymatic activity. However, these metal ions also contribute substantially to the conformation of the ALP monomer and indirectly regulate subunit-subunit interactions [12] .
gene. There are, however, differences at their carboxyl terminal end [21] . Placental ALP is a heat stable enzyme present at high levels in the placenta. A trace amount of this isoenzyme can be detected in normal sera [22] . Part of the serum placental-type activity originates from neutrophils. The placental ALP gene can be re-expressed by cancer cells as the Regan isoenzyme. Placental ALP is a polymorphic enzyme, with up to 18 allelozymes resulting from point mutations, in contrast to the other ALP isoenzymes [23] .
Intestinal Alkaline Phosphatase
The gene encoding for intestinal ALP (IAP) is a member of the gene family mapping to the long arm of chromosome 2 [24] . IAP is partially heat-stable isozyme present at high levels in intestinal tissue. In contrast to the other ALP isoenzymes, the carbohydrate side-chains of IAP are not terminated by sialic acid [25] . Distinct IALPs can be isolated from fetal and adult intestinal tissue, with the fetus forming a sialylated isoenzyme in contrast to the adult. The fetal and adult forms differ not only in the carbohydrate content but also in the protein moiety itself, suggesting that a separate ALP gene locus may exist in humans during fetal development. This embryonic gene can be reexpressed (in a modified form) by cancer cells and is designated as Kasahara isoenzyme [26] .
Germ Cell Alkaline Phosphatase
The gene encoding for germ-cell ALP (GCAP, placentallike ALP) was also mapped to chromosome 2 [27] . It is heat-stable isozyme present at low levels in germ cells [2] embryonal and some neoplastic tissues [28, 29] . It encodes testis/thymus ALP and can be expressed in the placenta at low levels [30] . GCAP in testis appears to be localized to the cell membrane of immature germ cells and, like the other ALP isoenzymes, is attached to the cell membrane by means of a phosphatidyl-inositol-glycan anchor. Like the placental ALP gene, it can be reexpressed by cancer cells (or NAGAO isozyme) [31] .
Liver/Bone/Kidney Alkaline Phosphatase
The heat-labile isozyme represents the liver/bone/kidney or tissue nonspecific (TNSALP) form [1, 2] . It is expressed in many tissues throughout the body and is especially abundant in hepatic, skeletal, and renal tissue. Slight differences in electrophoretic mobility and thermo stability between the L/B/K ALPs from various tissues are attributed to differences in post-translational modification, although it is possible that their protein moieties are encoded by separate but related genes [19] .
Liver/bone/kidney or tissue-nonspecific alkaline phosphatase (TNSALP) is encoded as a single genetic locus, mapped to the short arm of chromosome 1 [32, 33] . Komoda and Sakagishi [25] postulated a hypothesis regarding the physiological role of the sugar moieties in ALPS: they would protect the enzyme from rapid removal from the circulation through binding by the asialoglycoprotein receptors of the liver.
The evolution of the ALP gene family has presumably involved the duplication of a primordial tissue-nonspecific ALP gene to create the TNSALP gene and an intermediate IAP gene, followed by additional duplications of the latter to create intestinal, placental, and germ-cell ALP genes. Only humans and great apes have placental ALP; all other mammals have IAP [34] .
Structure of the Gene
Alkaline phosphatase is a membrane-bound metalloenzyme that consists of a group of isoenzymes. Each isoenzyme is a glycoprotein encoded by different gene loci [35] . It is believed that all of the human ALP genes evolved from a single ancestral gene. Figure 1 shows a rough outline of the deduced evolutionary tree of ALP [19] .
Three ALP genes at chromosome 2q34-37 are expressed in essentially a tissue-specific manner and produce a placental, placental-like and intestinal ALP isoenzyme (PALP, PLALP and IALP respectively). The fourth ALP gene that is L/B/K ALP maps to the distal short arm of human chromosome 1, bands p34-p36.1 encodes a family of proteins [9, 35, 36] . Differential glycosylation of TNSALP gives rise to tissue-specific isoforms that differ from one another only by post-translational modification; these secondary ALP isoenzymes are present throughout the body, but individually are most abundant in hepatic, skeletal and renal tissue [37] . Accordingly, they are collectively called liver/bone/kidney or tissue-nonspecific ALP (TNSALP) [4] .
Types and chromosomal locations of the ALP gene with their accession numbers are shown in Table 1 . The L/B/K gene appears to be at least five times longer than each of the other three genes. The overall difference in length is due to very much longer introns in the L/B/K ALP gene (Fig. 2) . The introns in the intestinal, placental and placental-like genes are all quite small (74-425 bp). The complete cDNA sequence of L/B/K ALP is known (Fig. 3 ) and the gene consists of 12 exons, compared with 11 in each of the other genes. The coding exons are 2-12. The additional exon is at the 5 0 end in the non-coding region. Exons 2-12 are contained within 25 kb of DNA. The distance between exons 1 and 2 is at least an additional 25 kb of DNA. Thus, the entire gene is comprised of at least 50 kb of DNA [38] .
The sequences at the 5 0 and 3 0 ends of each intron are in agreement with the consensus sequence for intronexon boundaries of other eukaryotic genes. All introns begin with the dinucleotide GT and end with AG. Intron number 1, at least 25 kb in length, interrupts the 5 0 untranslated sequence 105 bp upstream of the initiation methionine codon. All other introns interrupt the gene within protein coding regions. Exon 12, about 1,025 bp, contains 263 nucleotides of coding sequence, the termination codon, and the entire 3 0 untranslated region. At the end of exon 12, there are putative 3 0 -mRNA processing signals that are commonly found in other eukaryotic genes; the mRNA cleavage/polyadenylation site is flanked by the sequence AATAAA about 12 bp upstream, and a G/T-rich region about 12 bp downstream.
Characterization and Discrimination of the ALPs
Many different biochemical and immunological methods have been used to discriminate between and selectively assay the different ALPS at the enzyme and protein level. Three general methods have proved particularly useful: thermostability studies; differential inhibition with various aminoacids, small peptides and other low molecular weight substances; and immunologic methods [39] . The intestinal and L/B/K ALPs are rapidly inactivated at temperature [65°C (Table 2 ). In contrast, placental and placental-like ALPS are remarkably thermostable. They may be heated at 65°C for an hour or more without loss of activity. However, the intestinal ALP is somewhat more thermostable than the L/B/K ALP. It has also been shown that in serum, liver ALP is slightly, though significantly, more thermostable than bone ALP [39] .
Inhibition Studies
Various low molecular weight substances show differential inhibition of the different ALPs. Table 3 summaries the effects with five inhibitors which have been extensively L-Phenylalanyl-glycyl-glycine (Pgg) gives sharp differential inhibition between placental, intestinal and L/B/K ALPs. Leva is particularly a potent inhibitor of L/B/K ALP, but has little inhibitory effect on other ALPs. It should be noted that these various inhibitors are stereospecific and uncompetitive [19] .
Homology Between Different Isoforms
The complete amino acid sequences of ALP proteins are now known (Fig. 4) . A computer-assisted comparison of E. coli (471 amino acids) [40] , human placental (535 amino acids) [41] and human L/B/K ALP (524 amino acids) precursor proteins is shown in Fig. 4 . Amino acid positions that are identical in all three proteins, or in the two human proteins, are depicted in boxed (Fig. 4) . Gaps have been introduced into the protein sequences to maximize alignment of homologous regions.
At the amino acid level, the tissue-specific ALP isoenzymes are 86-98 % identical to one another [9, 42] , but 52-56 % identical when compared with TNSALP [4, 35] . IALP, PALP and GCALP are highly homologous with [90 % identical amino acid sequences, whereas TNSALP is significantly more diverse. At the DNA level, L/B/K and placental ALP are 60 % homologous in the coding regions but no homology is detected between the cDNA in the 5 0 and 3 0 untranslated regions. As expected, there is less homology between E. coli and mammalian ALPs. Thus, E. coli ALP is 25 % homologous to L/B/K ALP and 29 % homologous to placental ALP over the 47 % amino acids of the E. coli enzyme [37] .
Several areas are highly conserved in all three ALP polypeptides. These are the same regions detected by Millan, 1986 [27] and Kam et al. 1985 [43] in their comparisons of placental and E. coli ALPs. These areas represent conservation of amino acids that comprise the active site region in the E. coli ALP [44] . There are also several regions that are conserved only between the human L/B/K and placental ALPs, presumably representing functions of mammalian ALPs not present in E. coli. Two N-linked glycosylation signals at homologous sites occur in the L/B/ K and placental ALPs, though the L/B/K enzyme contains three additional glycosylation signals that are absent in placental ALP. 
Molecular Modeling of L/B/K ALP Protein
Two zinc atoms are present in the active site and one calcium atom is present in the metal-binding site. Calcium is the natural ion that binds to the metal-binding domain.
The effects of calcium on ALP activity should be reconsidered including in the analysis of the presence of calcium site. The precise biological role of calcium in TNSALP remains to be addressed. It is very interesting to observe that with the evolution and the specialization of the enzyme function, new features have been added: in E. coli, where there is no skeleton to mineralize, there is no calcium site in its ALP [9] . The model of TNSALP shows that the active site valley located on both sides of the active site contains a large number of polar residues. Thus, the hydrophobic residues, Trp168, Tyr169, and Tyr206 are surrounded by ionic residues. A basic residue, Arg433, is present close to the Fig. 4 Comparison of the amino acid sequences of E. coli (E), human placental (P), and human L/B/K (L) ALP precursor proteins. Gaps that have been introduced into the sequences to maximize pairing of homologous amino acids are indicated by -Amino acid ?1 corresponds to the first residue in each of the mature proteins. Amino acids that are identical in all three proteins or in the two human proteins are boxed. Amino acids are shown in the single-letter code [10] active site. The hydrophobic pocket is not conserved in TNSALP. However, the tyrosine, which enters in the active site of the other monomer (Tyr367 in PLALP), is conserved in TNSALP (Tyr371). This reinforces the idea that Tyr371 may contribute to the allosteric properties shared by the two enzymes. All residues that are essential for the hydrolytic activity of the bacterial and the other mammalian phosphatases are preserved in TNSALP, but those that confer substrate specificity are different.
The structural features that comprise the N-terminal helix involved in the dimer interface, the 76 residues of the calcium-binding-domain residues 211-289), and the interfacial ''crown-domain'' formed by the insertion of a 60-residue segment (371-431) from each monomer occur in TNSALP. Within the crown domain, a unique surface loop not present in the E. coli enzyme that extends from amino acids 400-430. This loop has been shown to play an important role in defining the conformation and stability of the ALP molecule. The loop is also partially responsible for the interaction of ALPs with extracellular matrix proteins, such as collagen. The TNSALP model shows that this loop is highly accessible and located at the very tip of the crown domain. This loop is responsible for the unique property of mammalian ALPs of being uncompetitively inhibited by a number of amino acids and small peptides (Fig. 5) [11] .
Intracellular Calcium and L/B/K ALP
The three dimensional structural model of human TNSALP was proposed by Mornet in 2001 [9] . According to this model, one of the feature that differentiate ALP of mammals from that of E. coli is the acquisition of a calcium binding site during evolution in addition to two zinc and one magnesium binding sites indispensable for ALP activity. Human alkaline phosphatase has four metal binding sites -two for zinc, one for magnesium, and one for calcium ion. Calcium helps to stabilize a large area that includes loops 210-228 and 250-297 [45] . The calcium atom in TNSALP is assumed to be coordinated by four amino acid residues (Glu218, Phe273, Glu274 and Asp289) and a water molecule. Calcium binding is crucial for the proper folding and correct assembly of newly synthesized TNSALP molecule. It has been demonstrated that loss of calcium binding potency has a deleterious effect on biosynthesis of the TNSALP molecule. It might result in misfolded ALP molecule. There is increasing evidence that many misfolded proteins are retained in the ER or moved from cis-golgi to the ER as part of the quality control system, thus permitting only properly folded and assembled proteins to move to their final destination However, the physiological importance of this calcium binding site of TNSALP remains obscure [46] .
Physiological Functions of ALP
Since its first description by Suzuki and colleagues [47] in 1907, alkaline phosphatase (ALP) has been investigated continuously and extensively. But little is known regarding the physiological function of ALPs in most tissues except that the bone isoenzyme has long been thought to have a role in normal skeletal mineralization [48] . The natural substrates for TNSALP appear to include at least three phosphor compounds: phosphoethanolamine (PEA), inorganic pyrophosphate (PPi), and pyridoxal-5 0 -phosphate (PLP), as evidenced by increased plasma and/or urinary levels of each in subjects with hypophosphatasia [49, 50] , but this is uncertain. Indeed, a variety of mechanisms have been proposed to explain the role of ALP in bone mineralization [51] . However, apart from its role in normal bone mineralization, the other functions of L/B/K remains obscure both in physiological and neoplastic conditions.
Alkaline Phosphatase in Health and Diseases
The activity of liver and bone alkaline phosphatases in serum has been applied extensively in routine diagnosis. Values for each isoenzyme in healthy individuals of different ages are reported together with results obtained in various diseases. Data from normal subjects shows that bone alkaline phosphatase contributes about half the total alkaline phosphatase activity in adults. The normal serum range of alkaline phosphatase is 20 to 140U/L. The enzyme alkaline phosphatase is an important serum analyte and its elevation in serum is correlated with the presence of bone, liver, and other diseases [52] . High ALP levels can show that the bile ducts are obstructed. Levels are significantly higher in children and pregnant women. Also, elevated ALP indicates that there could be active bone formation occurring as ALP is a byproduct of osteoblast activity (such as the case in Paget's disease of bone) or a disease that affects blood calcium level (hyperparathyroidism), vitamin D deficiency, or damaged liver cells [53] . Levels are also elevated in people with untreated Celiac Disease [54] . Placental alkaline phosphatase is elevated in seminomas [55] . Lowered levels of ALP are less common than elevated levels. Some conditions or diseases such as hypophosphatasia, postmenopausal women receiving estrogen therapy because of osteoporosis, men with recent heart surgery, malnutrition, magnesium deficiency, hypothyroidism, severe anemia, children with achondroplasia and cretinism, children after a severe episode of enteritis, pernicious anemia, aplastic anemia, chronic myelogenous leukemia, wilson's disease may lead to reduced levels of alkaline phosphatase. In addition, the drugs such as oral contraceptives have been demonstrated to reduce alkaline phosphatase [56] .
Deficiency in TNSALP leads to hypophosphatasia (HPP), an inborn error of metabolism characterized by epileptic seizures in the most severe cases, caused by abnormal metabolism of pyridoxal-5 0 -phosphate (the predominant form of vitamin B6) and by hypomineralization of the skeleton and teeth featuring rickets and early loss of teeth in children or osteomalacia and dental problems in adults caused by accumulation of inorganic pyrophosphate (PPi) [57] . Subjects with hypophosphatasia have generalized deficiency of TNSALP activity and suffer from defective bone mineralization (rickets or osteomalacia), yet placental and intestinal ALP isoenzyme activity is normal. The most severe cases are lethal in infancy, with virtually complete absence of L/B/K ALP in all tissues [58] . Severe forms of the disease are transmitted as an autosomal recessive trait. Identification of a missense mutation in the TNSALP gene in one typical case of the severe perinatal (lethal) form of hypophosphatasia established this link between TNSALP and skeletal mineralization [59, 60] .
Several studies have indicated the involvement of ALPs in cellular events such as the regulation of protein phosphorylation, cell growth, apoptosis and cellular migration during embryonic development. ALP genes are regulated by distinct signals as shown by clear differences in their expression profiles [2] . Ectopic expression of ALPs have been associated with a variety of human cancers. The expression pattern of ALP isozymes are altered in malignant tissues, for example, PALP and GCALP are over expressed in cells derived from breast cancer and choriocarcinoma, respectively. PALP is a marker of cancer of ovary, testis, lung, and gastrointestinal tract. Plasma TNALP levels can indicate the presence of osteosarcomas, Paget's disease and osteoblastic bone metastates [36] . Enhanced expression of IALP has also been reported in hepatocellular carcinoma [61] . The aberrant expression of ALP genes in cancer [11, 62] has led to the suggestion that ALP isozymes may be involved in tumorigenesis [6] . ALPL itself represents a new tumor suppressor gene homozygously inactivated in meningiomas [63] . Higher ALP activities reported in breast cancer patients [64] .
Finally, recent study proposes a new role for TNSALP in the toxic effect of extracellular tau protein. The extracellular tau remains in a dephosphorylated state. Hyperphosphorylated tau protein, the main component of intracellular neurofibrillary tangles present in the brain of Alzheimer's disease (AD) patients, plays a key role in progression of the disease. An increase in TNSALP activity together with increase in protein and transcript levels were detected in Alzheimer's disease patients as compared to healthy controls [56] . 
